We simulate the effects of viscous dissipation of waves that are generated by AGN activity in clusters of galaxies. We demonstrate that the amount of viscous heating associated with the dissipation of these waves can offset radiative cooling rates in cooling flow clusters of galaxies. This heating mechanism leads to spatially distributed and approximately symmetrical dissipation. The heating waves reach a given distance from the cluster center on a timescale shorter than the cooling time. This means that this heating mechanism has the potential of quenching cooling flows in a quasi-stable fashion. Moreover, the heating is gentle as no strong shocks are present in the simulations. We first investigated whether a single continuous episode of AGN activity can lead to adequate dissipation to balance cooling rates. These simulations demonstrated that, whereas secondary waves generated by the interaction of the rising bubble with the intracluster medium are clearly present, viscous heating associated with the dissipation of these waves is insufficient to balance radiative cooling. It is only when the central source is intermittent that the viscous dissipation of waves associated with subsequent episodes of activity can offset cooling. This suggests that the ripples observed in the Perseus cluster can be interpreted as being due to the AGN duty cycle, i.e., they trace AGN activity history. The simulations were performed using the PPM adaptive mesh refinement code FLASH in two dimensions.
introduction
Cooling timescales of gas in the central regions of clusters of galaxies are often much shorter than the Hubble time. Initially, this led to suggestions that the intracluster medium (ICM) is flowing into the cluster center at rates of up to 1000 M ⊙ /yr. However, recent XMM Newton and Chandra observations suggest that the actual inflow rates are much smaller than expected, and that feedback from active galactic nuclei (AGN) may play a crucial role in regulating mass accretion rates (e.g. Fabian et al. (2000 Fabian et al. ( , 2002 ; McNamara et al. (2000) ; Blanton et al. (2001) ; Churazov et al. (2002) ). The significance of AGN feedback is supported by the observation that about 70% of cD galaxies in cluster centers show evidence for active radio sources (Burns 1990) . The advantage of the AGN heating model over other models is that the heating is supplied near the cluster center where the cooling flow problem is most severe. For example, AGN heating may explain why the gas temperature, while declining towards cluster centers, does not drop below about 1 keV (Peterson et al. , 2003 Tamura et al. 2001) .
AGN are believed to be intermittent with an intermittency period of 10 5 − 10 8 , much shorter than the Hubble time and shorter than or comparable to the central cooling time (e.g. Mazzotta et al. (2002) ; Croom et al. (2003) ). Therefore, one expects that AGN-heated cooling flows could be stabilized in a time-averaged sense and that "cooling catastrophes" could be prevented. Recent observations of ripples and weak shocks in the Perseus cluster (Fabian et al. 2003a,b) provide observational support for this idea. Fabian et al. (2003a) where the first to show that viscous dissipation of these waves is sufficient to offset radiative cooling in the Perseus cluster.
Recently, several studies have addressed the problem of AGN heating of clusters from a numerical perspective. These studies can be divided into two main categories depending on the parameter regime considered: models in which the mechanical energy supply to the cluster is momentum driven (e.g., Tabor & Binney (1993) ; Reynolds et al. (2001) ) and those in which it is gentle and buoyancy driven (e.g., Churazov et al. (2001) ; ; Brüggen (2003) ; Quilis et al. (2001) ). In this paper we focus on the latter regime. An alternative idea was proposed by Pringle (1989) , who suggested that clusters can be heated by dissipation of sound waves generated by galaxy motions in the cluster. Further support for the idea that viscosity may play an important role in the intracluster medium comes from the recent study of density profiles in clusters (Hansen & Stadel 2003) . The main purpose of this paper is to demonstrate that clusters can be heated efficiently by wave dissipation associated with activity of AGN located in their centers.
2. assumptions of the model 2.1.
Initial Conditions
The intracluster medium is initially assumed to be in hydrostatic equilibrium in an NFW potential (Navarro et al. 1995 (Navarro et al. , 1997 for which the gravitational acceleration as a function of the distance from the cluster center r is given by
where r c = 100 kpc is the core radius, x = r/r c ,r = r/r, δ c = 3.0 × 10 4 is the central overdensity, and ρ crit = 3H 2 o /(8πG) is the critical density of the Universe (we assume H o = 75 km s −1 Mpc −1 ). The initial temperature distribution is given by
where T o = 3.0 keV, r o = 10 kpc and β = 0.22. The temperature at 100 kpc is 5.1 keV. The central density is ρ(0) = 5.34 × 10 −26 g cm −3 , which corresponds to an electron number density n e = 2.8 × 10 −2 cm −3 . The electron number density at 100 kpc is approximately 4.6 × 10
. This corresponds to a central cooling time of ∼ 1.3 × 10 9 years and a cooling time of ∼ 1.1 × 10 10 years at 100 kpc. We assume that the gas is fully ionized and characterized by X = 0.75 and Y = 0.25, where X and Y are the hydrogen and helium fractions. The injected gas is characterized by an adiabatic index γ bubble = 4/3, whereas for the ambient gas we used γ ICM = 5/3. Calculations were done in two dimensions for 9 levels of refinement using the PPM adaptive mesh refinement code FLASH. The size of the computational domain was (200 kpc) 2 . Thus, the effective resolution in our simulations was 2048 2 zones, which corresponds to ∼ 0.1 kpc. We have performed convergence tests and found that neither the geometry of the bubbles nor that of the waves depends on the adopted resolution. This is due to the fact that, for the parameters considered, the Reynolds number corresponding to bubbles and waves is low and also because numerical dissipation of PPM codes is known to be relatively low. The effective Reynolds numbers achievable in the simulation are proportional to the number of grid points across the fluctuation of interest to the power n, where n = 3 is the order of the numerical scheme 3 (Sytine et al. 2000; Balbus et al. 1996; Porter & Woodward 1994) . We used a redefined system of units in which all variables apart from temperature are close to unity and adopted outflow boundary conditions.
Heating
We model AGN heating by injecting hot gas into two regions of radius 1 kpc located 10 kpc to either side of the cluster center. The energy injection rate, L, for each source and the mass injection rate per unit volume,ρ, are both constant. Thus, the energy injection rate per unit massǫ is computed froṁ
where V is the volume of one injection region (of radius 1 kpc). We used L = 1.5 × 10 43 erg s −1 andρV = 0.01 M ⊙ yr −1 . The energy injection is intermittent with an intermittency period of 3 × 10 7 years, i.e., the source is active for 1.5 × 10 7 years and dormant for 1.5 × 10 7 years. In the initial state for each activity episode, the temperature and density are a hundred times higher and lower, respectively, than the temperature and density in the initial unperturbed state at the same location.
The dissipation of mechanical energy due to viscosity, per unit mass of the fluid, was calculated from (Batchelor 1967; Shu 1992) 
where ∆ = e ii and e ij = 1 2
and where µ is the dynamical coefficient of viscosity. We use the standard Spitzer viscosity (Braginskii 1958) , for which µ = 1.2 × 10 −16 T 5/2 g cm −1 s −1 . As conditions inside the buoyantly rising bubbles are very uncertain and because we want to focus on energy dissipation in the ambient ICM, we assume that dissipation occurs only in the regions surrounding the buoyant gas. To this end we impose a condition that switches on viscous effects provided that the fraction of the injected gas in a given cell is much smaller than unity. We point out that the value of viscosity in the ICM, just as any other transport parameters such as, e.g., thermal conduction, is highly uncertain, and especially the role of magnetic fields is unclear.
Velocity diffusion associated with viscosity was simulated by solving the momentum equation
where all symbols have their usual meanings. Equation (6) is an approximation as the viscous term is strictly valid only for an incompressible fluid. It also does not include the effects of bulk viscosity, which vanishes for an ideal gas.
Cooling
We switched off radiative cooling because the initial cooling time in the center is longer than the overall duration of the simulation. However, we calculate the radiative cooling rates in order to compare them with the viscous heating rates. For this purpose we use the fit to the cooling function by Tozzi & Norman (2001) , which is based on detailed calculations by Sutherland & Dopita (1993) 
where n i is the ion number density and the units for k B T are keV. For an average metallicity Z = 0.3Z ⊙ , the constants in equation (7) are α = −1.7, β = 0.5, C 1 = 8.6 × 10 −3 , C 2 = 5.8 × 10 −2 and C 3 = 6.4 × 10 −2 and we can approximate n i n e = (X + 0.5Y )(X + 0.25Y )(ρ/m p )
2 . The units of Λ are 10 −22 erg cm 3 s −1 .
3. results and conclusions The top panels in Figure 1 show a time sequence of density maps. One can observe that the gas rises subsonically in the cluster atmosphere and spreads out laterally. No strong shocks are present in this simulation, which implies that heating is gentle in agreement with Chandra observations.
The bottom panels in Figure 1 present the evolution of the viscous dissipation rate. Heating waves generated by subsequent AGN activations are clearly visible and the energy dissipated in these waves is spatially distributed in a relatively symmetric manner. The timescale for the wave pattern to reach a particular region is shorter than the local cooling time. Thus, this heating mechanism meets at least one of the basic requirements for this model to be able to reach a quasi-steady state. We note that the wave fronts have velocities smaller than the local adiabatic sound speed. Both acoustic and internal gravity waves are slowed down by gravity. However, we could not find any faster modes and, therefore, we suspect that the observed waves are sound waves. Note that the waves disperse as they propagate away from the center. This dispersion is almost entirely due to explicit velocity diffusion, as tests without this effect have demonstrated. We point out that the bulk viscosity is neglected in our simulations (note that it vanishes for a perfectly ideal gas). Also, magnetic fields may suppress shear viscosity in some directions but at the same time could introduce effects similar to bulk viscosity, as a result of plasma microinstabilities. We note that bulk viscosity, if present, could dissipate waves even more efficiently. Also, magnetosonic waves may propagate faster than the waves considered here and, thus, may deliver heat on an even shorter timescale. However, full modeling of MHD effects is beyond the scope of this study. Figure 2 shows the ratio of the viscous heating rate to the radiative cooling rate as a function of time, averaged over a series of concentric annuli around the cluster center. As the waves need more time to reach the gas located further away from the center, the heating rate rises at progressively later times for more distant annuli. Once the first wave has reached a given distance, viscous heating becomes comparable to the cooling rate. This is consistent with heating rate predictions made by Fabian et al. (2003a) . Interestingly, the average ratio of heating to cooling seems to be relatively stable as a function of time. However, the balance of heating and cooling is not automatic as it depends on the choice of parameters and here feedback may play a role. Note that the curves display a pronounced periodic behavior. This reflects the intermittency of the central source, with on-and off-states of 1.5 × 10 7 years. This is consistent with the observational estimates based on Chandra observations of ripples in the Perseus cluster (Fabian et al. 2003a,b) . We performed a series of numerical experiments to investigate if a single AGN outburst can generate waves for which the dissipation rates could offset local radiative cooling rates. These simulations demonstrated that, whereas secondary waves generated by the interaction of the rising bubble with the surrounding intracluster medium are clearly present, viscous heating associated with a single outburts is insufficient to balance radiative cooling. This suggests that the ripples observed in the Perseus cluster can be interpreted as being due to the AGN duty cycle, i.e., they trace AGN activity history.
In summary, we have demonstrated that viscous heating by an intermittent AGN located at the center of a cooling flow cluster can balance radiative cooling and, thus, quench the cooling flow. Energy is transferred to the gas by viscous dissipation of waves produced by intermittent AGN activity with a duty cycle much shorter than the cooling time. In the proposed heating mechanism, heating is gentle, spatially-distributed in a symmetric fashion and delivered to the gas located within the cooling radius faster than the cooling timescale. In this first attempt to simulate the effects of viscosity in the ICM, we have assumed Spitzer viscosity, but we have to concede that the value of viscosity in the ICM is poorly constrained. Nevertheless, our results show that this heating scenario is broadly consistent with the assumptions of the effervescent heating model (Begelman 2001; Ruszkowski & Begelman 2002) , in which dissipation of waves plays an important role (Begelman 2003) , and can explain recently reported observations of ripples in the Perseus cluster (Fabian et al. 2003a,b) .
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